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The two-particle momentum correlation function of a K−p pair from high-energy nuclear collisions is eval-
uated in the K¯N -piΣ-piΛ coupled-channels framework. The effects of all coupled channels together with the
Coulomb potential and the threshold energy difference between K−p and K¯0n are treated completely for the
first time. Realistic potentials based on the chiral SU(3) dynamics are used which fit the available scattering
data. The recently measured correlation function is found to be well reproduced by allowing variations of the
source size and the relative weight of the source function of piΣ with respect to that of K¯N . The predicted
K−p correlation function from larger systems, which is less affected by the piΣ source function, indicates that
the investigation of its source size dependence is useful in providing further constraints in the study of the K¯N
interaction.
PACS numbers: 25.75.Gz, 21.30.Fe, 13.75.Ev
Introduction: Low-energy properties of the strong interac-
tion are governed by the symmetry breaking pattern of quan-
tum chromodynamics (QCD). In this context the antikaon
(K¯ ∼ su¯/sd¯) can be regarded as a Nambu-Goldstone boson
associated with the spontaneous breaking of three-flavor chi-
ral symmetry. However, its mass is more than three times
heavier than that of pions, given the strange quark mass of
about 100 MeV. Thus, studies involving the antikaon reflect
the interplay between spontaneous and explicit breakings of
chiral symmetry in low-energy QCD.
The antikaon-nucleon (K¯N ) interaction at low energy is
strongly attractive. It is the main ingredient to generate the
Λ(1405) resonance as a K¯N quasi-bound state [1]. This ob-
servation inspired an intense discussion of possible K¯-nuclear
quasi-bound systems [2]. A possible candidate is recently re-
ported by the J-PARC E15 Collaboration [3].
Contrary to its importance in hadron physics and also in
nuclear many-body problems with strangeness, empirical in-
formation on the low-energy K¯N interaction is quite lim-
ited. The K−p scattering amplitude close to threshold is
accurately constrained by the measurement of the atomic
energy shift and width of K− hydrogen [4]. There exist
several K−p cross section data at relatively high momenta,
pLab(K
−) > 100 MeV/c [5]. However, the uncertainties of
the cross sections from the bubble chamber measurements are
large, and almost no data exist in the low-momentum region,
pLab(K
−) ≤ 100 MeV/c.
One of the promising observables that provides stronger
constraints on the K¯N interaction is the two-particle K−p
momentum correlation function. It is defined as the two-
particle production probability normalized by the product
of single-particle production probabilities [6, 7]. Theoreti-
cally, the correlation function reflects the two-body interac-
tions through the wave function with a suitable boundary con-
dition. On the experimental side, correlation functions have
been measured for pΛ [8, 9], ΛΛ [9, 10], pΞ− [11], pΩ [12],
pK− [13], and pΣ0 [14] pairs. These data have been used
to constrain the pairwise interactions [7, 15–19]. Recently
the K−p correlation function has been extracted from high-
multiplicity events of pp collisions [13]. The precision and the
resolution of these data are so excellent that the K¯0n thresh-
old cusp is visible. Several data points exist also in the energy
region below the K¯0n threshold. In addition the data show
a peak in the energy region of the Λ(1520) resonance which
couples to the K¯N d-wave.
For the detailed analysis of the K−p strong interaction in
comparison with the high-precision data it is mandatory to
include the coupled-channels effects, the Coulomb interac-
tion in the K−p system, and the threshold energy differences
among the isospin multiplets in calculating the correlation
function. While theoretical studies of the K−p correlation
function have been reported in Refs. [7, 16, 18], there is so far
no work which takes account of all of these effects.
In the present article we investigate the K−p correlation
function by developing and using a proper coupled-channels
framework. Calculations are performed in the charge basis.
Six channels (K−p, K¯0n, pi−Σ+, pi0Σ0, pi+Σ− and pi0Λ) are
taken into account, and the coupled-channels version of the
correlation function formula [18, 20] is used. Coulomb in-
teractions between charged particles are treated consistently.
The threshold energy differences among the various chan-
nels are taken into account when solving the coupled-channels
Schro¨dinger equation. In practice we have adopted the realis-
tic K¯N -piΣ-piΛ coupled-channels potential [21]. This poten-
tial is constructed starting from chiral SU(3) dynamics [22]
and systematic fitting to the existing K−p data. It will be
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2demonstrated that theK−p correlation function recently mea-
sured by the ALICE collaboration [13] is well explained by
our calculations with reasonably tuned source size (R) and
the source weight in the piΣ channels (ωpiΣ). It is found that
the effects of coupled channels are important in two ways,
the modification of the wave functions in the K−p channel
and the conversion to K−p from piΣ generated from the piΣ
source function.
Formalism: In high-energy heavy-ion collisions and high-
multiplicity events of pp and pA collisions, the hadron pro-
duction yields are well described by the statistical model:
hadrons are produced almost independently, with source func-
tions that behave smoothly in r-space. Under such conditions
the correlations between outgoing particles are considered to
be generated by the quantum mechanical scattering in the final
state.
Consider two asymptotically observed particles, a and b,
with relative momentum q = (pa − pb)/2 in the pair rest
frame. Let this two-particle state be fed by a set of coupled
channels, each denoted by j. In the center-of-mass frame of
the two measured particles (a, b), their correlation function
C(q) is given as [18, 23]:
C(q) =
∫
d3r
∑
j
ωjSj(r)|Ψ(−)j (q; r)|2 , (1)
where the wave function Ψ(−)j in the j-th channel is writ-
ten as a function of the relative coordinate r in that chan-
nel, with outgoing boundary condition for the measured chan-
nel. Furthermore, Sj(r) and ωj are the (normalized) source
function and its weight in the j-th channel. The correlation
function carries the information, through the wave functions
Ψ
(−)
j , about the interactions in the channels j contributing to
the final state under consideration. One can extract this infor-
mation by properly determining the source function (e.g., by
combined fit to data or constraints from other measurements)
or by controlling the influence of the source function (e.g., by
varying the system size as advocated in Ref. [24].)
We concentrate on the small q = |q| region and assume
that only the s-wave part of the wave function is modified
by the strong interaction. The j-th channel component of the
wave function with outgoing boundary condition in the K−p
channel (channel 1) is given as
Ψ
(−)
j (q; r) = [φ
C(q; r)− φC0 (qr)]δ1j + ψ(−)j (q; r), (2)
where r = |r| and φC(q; r) is the free Coulomb wave func-
tion in the K−p channel, φC0 (qr) is its s-wave component,
and ψ(−)j (q; r) represents the s-wave function that includes
both strong and Coulomb potential effects in the j-th chan-
nel. This wave function is subject to the outgoing boundary
condition in the K−p channel as specified below.
The wave function ψ(−)j (q; r) is computed by solving the
coupled-channels Schro¨dinger equation

− ∇22µ1 + V11(r) V12(r) · · ·
V21(r) − ∇22µ2 + V22(r) + ∆2 · · ·
...
...
. . .

ψ1(q; r)ψ2(q; r)
...
 = E
ψ1(q; r)ψ2(q; r)
...
 , (3)
where the channel indices j = 1, . . . , 6 stand for K−p, K¯0n,
pi−Σ+, pi0Σ0, pi+Σ− and pi0Λ, in this order; µj and ∆j rep-
resent the reduced mass in channel j and the threshold energy
difference relative to channel 1, respectively. The diagonal
potentials Vjj(r) include the Coulomb term, −α/r, in chan-
nels 1, 3, and 5 in addition to the strong interaction. The off-
diagonal potentials are given by the strong interaction only.
The momentum in channel j is qj =
√
2µj(E −∆j) with
q ≡ q1 and ∆1 = 0. Through this relation, all the momenta
qj can be expressed as functions of q. The Schro¨dinger equa-
tion is then solved with the following boundary condition at
r →∞:
ψ
(−)
j (q; r)→
1
2iqj
[
δ1j
u
(+)
j (qjr)
r
+Aj(q)
u
(−)
j (qjr)
r
]
(4)
for open channels (E > ∆i), where u
(+)
j and u
(−)
j are the
outgoing and incoming waves with a coefficient Aj(q). In
contrast to the standard scattering problem with normalized
flux of the incoming wave in the incident channel, it is the
outgoing wave in the measured channel that is normalized
for the calculation of the correlation function. In absence of
the Coulomb interaction, the u(±)j /r are the spherical waves,
u
(±)
j (qr)/r = e
±iqr/r, and the coefficient Aj(q) is given by√
(µjqj)/(µ1q1)S†1j(q1), with the S-matrix S. Including the
Coulomb interaction we have u(±)j (qr) = ±e∓iσj [iF (qr) ±
G(qr)] with σj = argΓ(1 + iηj), ηj = −µjα/qj , and the
regular (irregular) Coulomb functions F (qr) [G(qr)]. For
closed channels (E < ∆i), the asymptotic form is given by
substituting qj = −iκj = −i
√
2µj(∆j − E) as ψ(−)j (r) →
Aj(q)u
(−)
j (−iκjr)/(2iqjr) ∝ e−κjr. This is because the
wave function component of the off-shell state can emerge
only in the strong interaction region. For spherically symmet-
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FIG. 1. The modulus square of each component of the coupled-
channels wave function with q = 30 MeV/c. The solid, dashed,
dotted, and dash-dotted lines denote the K−p, K¯0n, piΣ, and pi0Λ
component. The piΣ component is the sum of three components,
pi−Σ+, pi0Σ0 and pi+Σ−.
ric source functions, Sj(r) = Sj(r), the correlation function
can be written as
C(q) =
∫
d3r S1(r)
[|φC(q; r)|2 − |φC0 (qr)|2]
+ 4pi
∑
j
∫ ∞
0
dr r2 ωjSj(r)|ψ(−)j (q; r)|2 , (5)
where the left-hand side depends only on q = |q| after the
angular integration. The normalization of the source function
implies that the weight of the observed channel must be unity:
ω1 = 1 [20]. Note that the first line in Eq. (5) is independent
of the strong interaction while the second line represents the
strong interaction and coupled-channels effects.
TheK−p correlation function was calculated in Ref. [7] us-
ing the effective K¯N potential in Ref. [25] within the model
space of K−p and K¯0n channels. Although the effects of
the coupled piΣ and piΛ channels are implicitly included in
the renormalized K¯N potential to reproduce the scattering
amplitude, the proper boundary condition (4) was not im-
posed because the wave function does not have explicit piΣ
and piΛ components. The present calculation reduces to that
in Ref. [7] when the channel couplings of K¯N ↔ piΣ, piΛ
are switched off. It turns out, however, that there are sizable
deviations of the present results from those in Ref. [7]. This
indicates the importance of an explicit treatment of coupled
channels in the K−p correlation function.
We now focus on the wave functions in the full K¯N -piΣ-
piΛ coupled-channels framework. The starting point is chiral
SU(3) dynamics at next-to-leading order [22] which success-
fully describes the set of existingK−p scattering data together
with the SIDDHARTA kaonic hydrogen data [4]. An equiv-
alent local K¯N -piΣ-piΛ coupled-channels potential has been
constructed to reproduce the corresponding scattering ampli-
tudes [21]. Fig. 1 shows the modulus-squared wave functions
|ψ(−)j |2 with j = K−p, K¯0n, piΣ and pi0Λ, applying theK−p
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FIG. 2. K−p correlation function with R = 1 fm (upper panel) and
R = 3 fm (lower panel). The long-dashed line denotes the result
withK−p component only. The dashed, dotted, and solid lines show
the results in which the contributions from K¯0n, K¯0n and piΣ, and
from all coupled-channel components are added, respectively.
outgoing boundary condition at q = 30 MeV/c. The squared
piΣ wave function represents the sum of pi−Σ+, pi0Σ0 and
pi+Σ− components. We find that the wave functions in chan-
nels other than K−p have a sizable magnitude at small dis-
tances, while they are much smaller than that of K−p at large
distances. From this figure we conclude that contributions
from non-K−p components to the K−p correlation function
are large for small-size sources, while the K−p component
dominates for large sources. Note that the coupled-channels
effects contribute to the correlation function through the wave
functions ψ(−)j as well as ψ
(−)
K−p. This is because ψ
(−)
K−p itself
is affected by the coupling to the other channels.
Results: The K−p correlation function and its break-
down into channels is shown in Fig. 2 for source sizes of
R = 1 fm and 3 fm. We assume a common source func-
tion of Gaussian shape for all channels, Sj(r) = SR(r) ≡
exp(−r2/4R2)/(4piR2)3/2 with ωj = 1. For both source
radii R we can see the strong enhancement due to the
Coulomb attraction at small momenta and the cusp structure
at the K¯0n threshold at q ' 58 MeV/c. Among the coupled-
channel components, the enhancement by the K¯0n channel is
found to be the largest, and next in importance is piΣ. The in-
4clusion of the K¯0n component also makes the cusp structure
more prominent. The pi0Λ channel couples toK−p only in the
I = 1 sector; its effect is relatively weak. As expected from
the previous discussions, the contributions from the coupled-
channel wave function components decrease with increasing
source size. This leads to a less pronounced cusp structure for
the R = 3 fm case.
Now we are prepared to compare the calculatedK−p corre-
lation function with data. We allow for variations of the source
functions because the sources and their weights can be chan-
nel dependent [18]. Since a given source function in the rel-
ative coordinate is obtained from a product of single-particle
emission functions, its weight should be proportional to the
product of particle yields. For example, ωpi−Σ+/ωK−p =
N(pi−)N(Σ+)/N(K−)N(p). The production yields N(h)
should be regarded as those of promptly emitted particles in
order for those hadrons to couple with K−p. Thus a particle
pair yield ratio such as N(pi−)N(Σ+)/N(K−)N(p) is not a
direct observable, and we regard the source weights, ωj , as
parameters. As a reference value, we consider the simplest
statistical model estimate, ω(stat)piΣ ' exp[(mK +mN −mpi −
mΣ)/Tc] ' 2.1, where we adopt Tc = 154 MeV. By as-
suming that the source size R is common to all channels and
the source function is isospin symmetric, we adopt a com-
mon (normalized) source function, Sj(r) = SR(r). We can
fix ωpi0Λ = 1 since the effect of the pi0Λ channel is small
and the correlation function does not depend significantly on
ωpi0Λ. On the other hand, the effects of piΣ channels are im-
portant because of the strong K¯N -piΣ coupling, and we vary
the parameter ωpiΣ around the reference value. As for the
source size, the ALICE collaboration fixed R = 1.18 fm by
assuming the same source size as that of K+p, which was ob-
tained by the femtoscopic correlation fit based on the Ju¨lich
K+p interaction [18], with Coulomb effects treated by the
Gamow factor correction. Although this correction describes
the Coulomb effect well for light systems such as pi-pi, it lacks
the necessary accuracy for heavier systems [24]. Thus we also
consider the variation of R in the fitting procedure. While
the source size can in principle be channel dependent, pos-
sible size differences between channels can be compensated
by varying the source weights. We therefore use a common
source size in K¯N , piΣ and piΛ channels.
The measured correlation function is assumed to be de-
scribed in the form [13]
Cfit(q) = N [1 + λ {C(q)− 1}] , (6)
where N is a normalization constant and λ is the pair pu-
rity parameter, known also as the chaoticity parameter. The
pair purity parameter is experimentally determined through a
Monte Carlo simulation, λexp = 0.64± 0.06, so we allow for
variations of λ within 1σ. We fit the correlation function data
in the momentum range q < 120 MeV/c, where the distortion
of the s-wave is considered to give the dominant contribution.
In Fig. 3 the χ2/d.o.f. distribution is plotted in the
(R,ωpiΣ) plane. A good fit (χ2/d.o.f. . 1) is achieved in the
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FIG. 3. Reduced χ2 distribution in the (R,ωpiΣ) plane. From inward
out the contour lines correspond to χ2/d.o.f. = 0.5, 1, 1.5 and 2,
respectively.
region from (R,ωpiΣ) = (0.6 fm, 0) to (1.1 fm, 5.0). These
parameters are seen to be in a reasonable range: R is about 1
fm for pp collisions while ωpiΣ is consistent with the simple
statistical model estimate within a factor of (2− 3). Thus we
consider parameter sets in this region with 0.5 ≤ ωpiΣ ≤ 5
as equally acceptable. On the other hand, if we take the R =
1.18 fm as adopted by the ALICE collaboration, ωpiΣ & 8
gives a good fit, whereas such large ωpiΣ values appear to be
significantly beyond the statistical model estimate.
Fig. 4 shows the fitted K−p correlation function with R =
0.9 fm as an example of a result satisfying χ2/d.o.f. < 1. The
other parameters are chosen as
ωpiΣ = 2.95, N = 1.13, λ = 0.58, (7)
to give the minimum value of χ2/d.o.f. = 0.58. The en-
hancement in the low-momentum range and the characteristic
cusp structure are evidently well reproduced. The contribution
from the piΣ source is essential to reproduce the data.
The peak structure seen in Fig. 4 around q ∼ 240 MeV/c
represents the Λ(1520) resonance. The contribution from this
resonance can be simulated by a Breit-Wigner function:
Cres(q) =
bΓ2
(q2/2µK−p +mp +mK− − ER)2 + Γ2/4
, (8)
with parameters b, ER, and Γ. We can isolate the resonance
by subtracting Cfit(q) from the correlation data, using the pa-
rameters of Eq. (7) and R = 0.9 fm. The remaining struc-
ture in the interval 150 MeV/c < q < 300 MeV/c is then
fitted by Eq. (8). The resulting values of the resonance pa-
rameters are ER = 1520.9 MeV and Γ = 9.7 MeV, con-
sistent with the mass MΛ(1520) = 1517 ± 4 MeV and width
ΓΛ(1520) = 15
+10
−8 MeV of Λ(1520) listed in Ref. [26]. As
shown in Fig. 4, the sum of Cfit(q) and Cres(q) reproduces
the peak at q ∼ 240 MeV very well.
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FIG. 4. Correlation function with the best fit values of N , λ and
ωpiΣ at R = 0.9 fm (solid line). To demonstrate the effect of the piΣ
channel, the correlation function with the piΣ contribution subtracted
is also plotted by the dashed line. The fitting result with the Λ(1520)
contribution is shown by the dotted line. The ALICE data set is taken
from Ref. [13].
Finally we give predictions for the K−p correlation func-
tion if extracted from larger systems. In pA and AA colli-
sions the source size is expected to be larger than the one in
pp collsions: R = (1-2) fm for high-multiplicity events in pA
collisions and R = (2-5) fm in AA collisions. Fig. 5 shows
the theoretical correlation function, Eq. (6), at a system size of
R = 1.6 fm, using the same parameter set as before, Eq. (7),
for demonstration. In order to estimate the uncertainty coming
from the less well known ωpiΣ, we vary its value between 0.5
and 5.0. One expects that when the source size is increased,
the enhancement of the correlation function is limited to the
small q region and the K¯0n cusp becomes less pronounced.
The sensitivity to ωpiΣ is weaker for the larger systems, for
which the contribution from the piΣ source is less important.
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FIG. 5. K−p correlation for a larger system with R = 1.6 fm.
The uncertainty with respect to the variation of ωpiΣ is shown by the
shaded area. For comparison we also plot the case of R = 0.9 fm.
Summary: The K−p femtoscopic correlation function has
been analysed using the realistic coupled-channels poten-
tial [21]. This potential is constructed based on the ampli-
tudes resulting from next-to-leading order chiral SU(3) dy-
namics [22]. Based on the coupled-channels correlation func-
tion formula [18, 20], we have developed a scheme to calcu-
late the correlation function consistently including all effects
of coupled channels, Coulomb potential and threshold differ-
ences in the individual channels. The coupled channels play
an important role, enhancing the correlation function produc-
ing a prominent threshold cusp effect. The K−p correlation
function data obtained by the ALICE collaboration [13] are
well reproduced with reasonable source parameters. The al-
lowed value of the source function weight, ωpiΣ, of the piΣ
channel is roughly consistent with a statistical model estimate.
The source size (R = 0.8 - 1 fm) is slightly smaller than that
determined from the analysis of the K+p correlation func-
tion [13]. This suggests an updated further study of the K+p
correlation function to be performed, including a proper treat-
ment of the full Coulomb effect.
We have also presented a prediction of the K−p correla-
tion function for a generic larger system. In this case the
driving coupled channels become less important as the source
size increases. Such correlation functions extracted from col-
lisions of larger systems could provide additional systemat-
ics for probing and constraining the K−p amplitude in low-
energy regions not accessible by scattering experiments.
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